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Summary: Neoplasms diagnosed in three aged captive aye-aye (Daubentonia madagascariensis), held in two different institutions, are described. Cases 1 and 2 were housed at the Durrell Wildlife Conservation Park, while case 3 was housed at Duke Lemur Center. A cerebral glioblastoma was diagnosed based on histological and immunohistochemical findings in one of the animals following initial presentation with bilateral mydriasis, absent pupillary reflex, head tilt and ataxia. A second animal was euthanized due to impaired locomotion associated with spondylosis and a post mortem diagnosis of cholangiocarcinoma was made based on histology with further confirmation with immunohistochemical staining for cytokeratin 7. A third aye-aye suffering from dental disease was diagnosed with an oral squamous cell carcinoma following an excisional biopsy from a non-healing wound in the lip. Due to progression of the neoplasia the animal was euthanized, and post mortem examination revealed the presence on an additional unilateral phaeochromocytoma.

Key words: Aye-aye; Daubentonia madagascariensis; immunohistochemistry; neoplasia.

Neoplasia in aye-aye (Daubentonia madagascariensis) has not been reported despite previous reviews of neoplasia in prosimians (Remick et al., 2009). A potential explanation for the absence of reports may be the relatively small captive population; the current captive population is only 57 animals, with only 59 deaths reported in aye-ayes over one year old in captivity according to the studbook for this species, currently classified at endangered by the International Union for Conservation of Nature (Andriaholinirina et al., 2014).       
Case 1, a wild-caught, intact, female aye-aye, estimated as 25 years old, presented with sudden onset of anorexia, obtunded mentation and truncal ataxia. Physical examination under anaesthesia revealed a bilateral mydriasis and lack of pupillary light reflexes. Haematology, biochemistry and Toxoplasma gondii serology did not reveal any abnormalities and urinalysis results were within normal limits.
Because an episode of apnoea occurred during anaesthesia, the patient was allowed to recover the animal from anaesthesia without performing any additional diagnostic tests. Despite showing increased activity on the following day, the clinical signs persisted, and the animal was found dead 12 hours later. Most relevant lesions during gross post-mortem examination were noted in the examination of skull and brain. A two to three centimetres diameter reddish-white, soft, non-encapsulated but well demarcated mass was present in the rostroventral part of the right frontal lobe causing a 1.5 x 2.3 cm clearly-defined depression in the right olfactory bulb (Supplementary figure 1). In addition, there was marked asymmetry of the caudal portion of the nasal cavity, with destruction of nasal turbinates on the right side.
Tissue sections were fixed in 10% neutral-buffered formalin, processed, sectioned and stained with haematoxylin and eosin following routine histological protocols. Immunohistochemistry for glial fibrillary acidic protein (GFAP) (1:2000; Z0334; Dako/Agilent, Agilent Technologies, Stockport, Cheshire, SK83GR, UK) and Olig2 (1:200; PAK0107; Linaris Biologische Produkte GmbH, D-69221, Dossenheim, Germany) was carried out using a standard protocol employing an automated immunohistochemistry system (Dako Autostainer; Dako/Agilent). Immunohistochemistry for Ki67 (MIB-1) (1:150; Dako), alpha thalassemia with mental retardation linked to chromosome X (ATRX) (1:1000; Atlas Antibodies, Cambridge Bioscience, Cambridge, CB23 8SQ UK) and isocitrate dehydrogenase-1 (IDH-1) (1:20; Dianova, Hamburg, 20354, Germany) was performed using a standard protocol employing an automated immunohistochemistry system (Bond Max, Leica Biosystems, Milton Keynes, MK146FG, UK).
Histological examination revealed a non-encapsulated, infiltrative brain mass. The tumour was separated into irregular, sometimes confluent lobules, which were divided by, and surrounded by, cerebral neuropil. Within the lobules, the neoplastic cells were arranged in more or less solid sheets supported by variably thick bands of collagen. There were multifocal prominent microvascular proliferations creating vascular loops or glomerular-like structures arranged in lines, or clusters, with notable palisading of the tumour cells bordering these structures (Fig. 1). Neoplastic cells were polyhedral with pale-stained, vacuolated or finely granular cytoplasm. Nuclei were round to irregularly-shaped, and were moderately hyperchromatic with finely to coarsely stippled chromatin, and small, frequently indistinct, basophilic nucleoli. Mitoses were very frequent, with up to 20 per ten high power fields (per 2.37 mm2). There was a moderate degree of cellular pleomorphism, anisocytosis and anisokaryosis. Scattered, variably sized, foci of necrosis were present multifocally and comprised an estimated 35% of the tissue area of the mass examined. 
Whilst the adjacent neuropil exhibited the expected staining for glial fibrillary acidic protein (positive internal control tissue), the majority of the neoplastic cells did not exhibit GFAP staining, with only thin cytoplasmic processes exhibiting intense positive staining (Fig. 2). The majority of the neoplastic cells did not exhibit positive labelling for Olig2 although expected labelling was observed in adjacent tissue. The majority of the neoplastic cells exhibited intense nuclear positive staining for ATRX (Supplementary Fig. 2). The neoplastic cells did not exhibit positive staining for an IDH mutation specific to R132H substitution in isocitrate dehydrogenase-1. Approximately 20% of the neoplastic cells exhibited intense nuclear positive staining for MIB1/Ki67 (Supplementary Fig. 3). The histological appearance of the neoplastic cells and the immunohistochemical staining pattern were considered to be most consistent with a diagnosis of a glioblastoma. 
Case 2, a female, wild caught, aye-aye estimated as 26 years old was euthanized due to persistent locomotion difficulties suspected to be related to previously diagnosed spondylosis affecting lumbar vertebrae.
Post mortem examination revealed 225 millilitres of serosanguinous fluid in abdomen. The most significant changes were observed in the liver, where the hepatic parenchyma in the central hepatic lobe was multifocally replaced by firm, white, well-demarcated foci of variable size, ranging from 2 millimetres up to 4 centimetres, affecting the shape and size of the organ. Similar lesions were observed in the left and right hepatic lobes with more localized distribution.
Sections from liver and other major organs were fixed in 10% neutral-buffered formalin, processed, sectioned and stained with haematoxylin and eosin following routine histological protocols. 
Immunohistochemistry for cytokeratin 7 (CK7) (1:200, M7108; clone OV-TL 12/30; Dako/Agilent, Agilent Technologies) was performed using the same protocol as for GFAP.
Histological examination showed marked interstitial fibrosis accompanied by marked proliferation of neoplastic cells forming irregular, and multifocally convoluted, tubular structures characteristic of biliary origin. Neoplastic cells exhibited considerable anisokaryosis, nuclear atypia and increased mitotic activity (Fig. 3).  Immunohistochemical staining for CK7 demonstrated that approximately 20% of the neoplastic cells exhibited moderate to rarely intense cytoplasmic staining for CK7, with adjacent non-neoplastic biliary epithelium providing a positive internal control (Fig. 4). This finding further corroborated a biliary epithelial origin for the neoplastic cells and, hence, a diagnosis of cholangiocarcinoma.
Case 3, a 32-year-old, male aye-aye was presented with an abscess in the left side of the mandible and a localized inflammation and ulceration in the right lip. The animal was suffering from chronic incisor malocclusion and had suffered loss of teeth in the past. Labial lesions were initially attributed to trauma, but due to recurrent bleeding and absence of wound healing in the right lip, a biopsy was obtained 12 days after presentation, and during this procedure two loose molars in the right mandible were extracted. Radiographs of the thoracic cavity were obtained to check for metastases as neoplasia was considered a differential diagnosis. 
Histological examination of the biopsy revealed a densely cellular poorly demarcated and locally invasive mass containing neoplastic squamous epithelial cells supported by fibrous stroma. Neoplastic cells were polygonal with indistinct cell borders, moderate to abundant eosinophilic cytoplasm, and round to oval nuclei with finely stippled chromatin and 1-2 variably sized prominent nucleoli. Anisocytosis and anisokaryosis were moderate to marked, and there were up to 30 mitotic figures per ten high power fields. Necrosis and neutrophilic infiltrates were scattered throughout the mass. 
Two weeks after obtaining the biopsy, the animal was examined again, and extensive necrosis and purulent discharge were noted in the area affected by the labial neoplasia. In view of the rapid progression of the lesions, the animal was euthanized.
Gross post mortem examination revealed a proliferative mass with a necrotic area in the mouth right commissure, extending caudally into the oral cavity. The tumor encompassed most of the right lip and cheek. Additionally multiple molars and incisors were missing and a draining tract containing purulent material was noted in the left side of the mandible. The left adrenal gland, 0.4 grams, was markedly larger than the right, 0.2 grams, and was expanded by 5 mm diameter tan, firm, mass.
Histology of the oral mass showed a non-encapsulated, poorly demarcated neoplasm poorly demarcated neoplasm of polygonal epithelial cells arranged in centrally-stratifying and partially cornifying islands and cords separated by variably thick fibrous connective tissue stroma, expanding in the lip submucosa. The neoplastic cells had similar histological features to those already described in for the pre mortem biopsy and confirmed the diagnosis of a squamous cell carcinoma.       
Examination of the left adrenal gland revealed a well-demarcated, non-encapsulated neoplasm expanding the medulla and compressing the surrounding cortex, but not exhibiting capsular invasion. The neoplasm was composed of round to polygonal cells arranged in packets and sheets supported by a fine fibrovascular stroma. Neoplastic cells had poorly defined cell borders with basophilic, wispy cytoplasm and round to oval nuclei with finely stippled chromatin and 0-1 nucleoli. There was mild anisocytosis and anisokaryosis and there was one mitotic figure in ten high magnification fields. A phaechromocytoma was diagnosed based on the described findings.
A review of neoplasia in prosimians (Remick et al, 2009) has reported biliary and hepatocellular carcinomas, phaeochromocytomas and squamous cell carcinomas in different prosimian species, but no neoplasms have thus far been described in aye-ayes and no cases of glioblastoma have been described in prosimians.
Glioblastomas are malignant gliomas that show astrocytic differentiation. They are the most common malignant brain tumor in humans in the United States (Ostrom et al., 2016). Spontaneous central nervous system neoplasia is considered rare in non-human primates (Miller, 2012) but glioblastomas have been reported in rhesus macaques (Macaca mulatta) following experimental irradiation (Wood,  1991) and as a spontaneous neoplasm in baboons (Papio spp) (Porter et al, 2004).   
The aye-aye is considered amongst the most-encephalized primate species, along with species from Homo, Pan and Cebus genera (Kaufman et al, 2005). The olfactory bulb is greatly enlarged in Daubentonia relative to anthropoid primates, while the lateral geniculate nucleus and visual striate cortex, part of the visual system, is s markedly reduced compared with other primates (Kaufman et al., 2005). These anatomical variations may offer some insight regarding the abnormalities observed during the initial examination of the first case. The absence of pupillary light reflexes and the presence of mydriasis were likely due to pressure on the optic nerves. It was not possible to obtain additional information regarding the animal’s vision owing to limited opportunities for examination and the lack of responsiveness of the subject during initial examination. Vision disturbances such as diplopia and blurred vision in humans (Urbanska et al., 2014) and blindness in other primates (Porter et al., 2004) have been described as clinical signs in patients affected by glioblastomas. 
Histological diagnosis centered upon the necrosis, cellularity, cellular pleomorphism, prominent microvascular proliferation and the surrounding conspicuous palisading of the neoplastic cells, all of which are recognized as useful diagnostic features of glioblastoma (Higgins et al., 2017). The proportion of cycling cells in this tumor, determined by MIB-1 immunohistochemistry, was approximately 20% which would be considered typical of a human malignant glioma such as glioblastoma (Skjulsvik et al., 2014). Mutation specific immunohistochemistry for the IDH-1 R132H mutation, present in approximately 10% of human glioblastomas, (Yan et al., 2009) revealed that this tumor was IDH wild-type, a finding corroborated by the positive immunohistochemical staining for ATRX. ATRX is a transcriptional regulator encoded by the ATRX gene on chromosome X in humans. Inherited mutations cause a syndrome of alpha thalassemia with mental retardation whilst somatic mutations are found in low grade human astrocytomas. Mutation results in an absence of nuclear ATRX immunoreactivity in the tumour cells. In this case, ATRX staining was retained by the tumour nuclei – a finding that in human pathology would be considered to support the diagnosis of a high grade astrocytoma (glioblastoma) although it should be noted that in human medicine immunohistochemistry does not detect a minority of mutations in the ATRX gene in which protein expression is maintained (Brandner, 2017). 
In a prosimian neoplasia review the hepatobiliary system was documented as the most common location for neoplasia (Remick, 2009) and hepatocellular carcinomas have been previously reported in prosimians (Nemeth, 2013) (Wohlstein, 1996). Cholangiocarcinoma (synonym: cholangiocellular [bile duct] carcinoma) has also been previously reported in a ring-tailed lemur, Lemur catta (Chang et al., 1979) but, to the authors’ knowledge, has not been reported in Daubentonia madagascariensis. In the case described here, the macroscopic appearance of the hepatic neoplasia was notably similar to that described in domestic species (Brown et al., 2016), with well-demarcated white mass lesions exhibiting multifocal evidence of umbilication. Whilst the histopathological appearance was also consistent with cholangiocarcinoma, immunohistochemical staining for CK7, an intermediate filament expressed by 93% of human cholangiocarcinomas (Chu et al., 2000), was performed to further corroborate the diagnosis.
Squamous cell carcinomas in the oral cavity are the most frequently tumours reported in the digestive tract in primates (Miller, 2012). Chronic periodontitis has been established as a risk factor for head and neck squamous cell carcinoma in humans (Tezal et al, 2009). Whilst the prevalence of dental disease in captive aye aye has not been established, several cases of chronic dental disease have been observed by the authors, and this could therefore be a potential risk factor in this species.
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Figure 1. Glioblastoma in an aye-aye (Daubentonia madagascariensis. Neoplastic cells are arranged in densely packed sheets and palisade (arrowhead) around prominent “glomeruloid” microvascular proliferations (asterix). Haematoxylin and eosin stain. Scale bar indicates 100 microns.

 Figure 2. Whilst the adjacent neuropil exhibits expected staining for glial fibrillary acidic protein (positive internal control tissue; double arrows), the majority of the neoplastic cells do not exhibit GFAP staining, with only thin cytoplasmic processes exhibiting intense positive staining (arrow). IHC for GFAP with haematoxylin counterstain. Scale bar indicates 100 microns.

Figure 3. The hepatic parenchyma is expanded and effaced by an unencapsulated and infiltrative neoplasm, consistent with a cholangiocarcinoma (asterix). Arrow indicates hepatocyte cords adjacent to the neoplasm. Haematoxylin and eosin stain. Scale bar indicates 500 microns.

Figure 4. Neoplastic cells frequently form tubules. Multifocal neoplastic cells exhibit intense cytoplasmic labelling for cytokeratin 7 (triangle) whilst in other foci, labelling is predominantly in the luminal aspect of the neoplastic cells (arrow). Many neoplastic cells do not exhibit positive labelling for cytokeratin 7 (inverted V). Immunohistochemistry for cytokeratin 7 with haematoxylin counterstain. Scale bar indicates 50 microns.

Supplementary figure 1. Ventral view of cerebrum and mass (*) associated with caudoventral portion of right olfactory bulb causing asymmetry and indentation in the area. Original mass location by arrow indicated by arrow.

Supplementary figure 2. The majority of the neoplastic cells exhibit intense nuclear positive staining for ATRX. IHC for ATRX with haematoxylin counterstain. Scale bar indicates 50 microns.


Supplementary figure 3. Approximately 20% of the neoplastic cells exhibit intense nuclear positive staining for MIB1/Ki67. IHC for MIB1/Ki67 with haematoxylin counterstain. Scale bar indicates 50 microns.








